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Radiative emission due to atomic self-dressing in QED
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We study the radiative emission due to the self-dressing of a two-level atom, initially in its bare ground state,
interacting with the zero-point electromagnetic field. Evolution in time leads to the formation of a dressed
ground state of lower energy. This energy difference between bare and dressed ground state is taken into
account by the emission of real photons. In order to describe this aspect of the self-dressing process we study
the transition probability amplitude from the initial bare state to an asymptotic state consisting of the atom in
its dressed ground state plus some real photons. Adopting nonperturbative techniques based on the resolvent
method we find that the bare-dressed transition occurs at the lowest order with the emission of two photons.
The spectral distribution obtained shows that there is a probability for emission of photons at frequency of the
order of the atom'’s transition frequency.

DOI: 10.1103/PhysRevA.65.032106 PACS nuntber03.65.Ta, 32.80-t, 42.50—p

. INTRODUCTION I/c (I linear dimension of virtual cloud and light speed

o . . showing traces of the process of virtual cloud formation
Description of interaction between atoms and electromaga;ound the sourcEL6]. Self-dressing has been studied for a
netic field is to some extent an open problem. In particulaingdel consisting of a two-level atom interacting with the
there are difficulties associated with the dynamical descripg|ectromagnetic field by using techniques based on the

tion of excited states when one wants to take into accountheory of subdynamic§17] and for the Friedrichs model

also the virtual cloud of the fielffl—4]. In fact the photons [1g] |t has been predicted that in the evolution from the bare
of this cloud are due to the same interaction that is respory, e gressed system a real photon is emitted. This photon is
sible for the decay and they may not be clearly distinguishe

- essentially resonant with the atom’s transition and thus has

f_rom the re_al phot_ons_er_nltted during th? dec_ay. The de_scrlpén energy much larger than the difference between the bare
tion of the interaction is instead well defined if one considers

) L —and dressed energy levels. Moreover the analysis of the evo-
the _tptql system, atom plus field, In its ground state. Th'ﬁ tion of the photon density generated during the self-
el slte, e essed, ' represerin by 1 #§essing hasbeen shoun f b reevnt n e causlty prob
stationary cloud of virtual photons that it emits and reabsorb erg [s%:l? d-lr—gssfnrgdcﬁtltohl og]rroeuarl] dpg?éﬁgshggﬁgzr?gcgféj;'Tﬁe
[5-7]. The presence of this _vir_tual cloud is res_ponsible fOrprocess by using standard quantum-mechanics nonperturba-
phenomena suph as the _Ca5|m|r effé L_amb shift[9] and tive techniques based on van Hove’s resolvent th€gy20].
E]L?islraen:r::jnggiztlﬁfkneo]bg]hgﬁgd;? ifS:r;ﬂ e(;fc(iatgir?n{ :;;I_S This has been applied to the analysis of the time evolution of

' Y the permanence amplitudg,(t) in the initial bare state. It

ing with the vibration modes of a crystal lattice and modifi- has been shown that the evolution can be decomposed in two
cation of the polaron mag45] in solid state physics. . ) ! . P -
me scales: the first, of the order of the inverse transition

It must however be observed that such a state may b T d he f . f the virtual
difficult to obtain in practice because any external perturba-rewency“’O , corresponds to the formation of the virtua

tion must induce a readjustment of the virtual cloud aroundFloud around the sour¢@1]; the second; corresponds to a
the atom and this must occur in a finite time. The otherdecaylike process from the higher bare energy level to the
extreme is that the atom completely deprived of its virtuallower dressed one and is much larger than the time of
cloud is named bare. Of course it is doubtful if such a statd€@l photon emission from the excited stg2@]. These two
may be obtainable in principle since most of the interactiondime scales correspond to the physical distinction that, while
between the atom and the external world are mediated by tH&€ Virtual cloud’s photons remain localized around the atom,
exchange of virtual quanta present in the cloud. real photons, em|tteq in the self-dressing process, are formed
Between these two extremes of completely bare oYy Wave packets with a frequency spread of the order of
dressed source it is presumedly more realistic to envisagEa/i=7; ~ and are localized in a region of dimensibn
intermediate situations where the virtual cloud of the source~c%/I'; . Because these photons propagate at velogiiyr
is not the same as in equilibrium because it has been petimest>#/T"} , they are localized far from the atom. This
turbed in some way. Then one must expect that the dresseatharacteristic permits to use the approximation useful to de-
source should regain its equilibrium configuration and thaiscribe the dynamics of self-dressing. In fact states formed by
the physical properties of such a source should change. dressed ground states plus real photons are used to represent
One is led then to consider the evolution from bare tothe asymptotic states in scattering thef2g].
dressed state that is of self-dressing. This evolution has been Here we apply the van Hove theory to study the form
studied using perturbation theory for times of the order ofunder which the energy excess is eliminated and obtain the
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energy spectrum emitted during the self-dressing of theesenting the atom-field system at the equilibrium and no
ground state of a two-level atom interacting with the electrophotons, may be expressed by using the Brillouin-Wigner
magnetic field. In particular we shall study the transition am-expansior{26] as
plitude from the initial bare ground state to a final state con-
stituted by the dressed atofi23—25,1¢ plus a certain |2) = VZ| )+ Qal ha) = VZ| $2) + | L)
number of real photons.

Qa

EaTi7—QaHoQa

|y + VP,

II. VAN HOVE THEORY OF RESOLVENT: - \/Z
REAL PHOTONS SPECTRUM

The atom-field system is taken as a two-level atom inter- + Qa V. Qa P,
acting with the electromagnetic field within the electric di- EX+in—QsHoQa Ei+in—QuHeQa
pole approximation. The Hamiltonian is given (B3]
H=Ho+V, (o o |¢2>] 4
where
with P,=|y2)(4?2| projector on the subspace associated to
_ _ fria the nondegenerate bare eigenvdje Q,=1— P, projector
Ho=HatHer ﬁwOSZJrﬁkEj @18 K8y @ on the orthogonal subspace ahfl;)=Q,|¢,) component
o of |4,) orthogonal to2), Z is the normalization constant.
represents the unperturbed Hamiltonian and By using the resolvent operator we may express the tran-
sition amplitude from the initial bare state to a final state
V= %: (€xja S+ €] aLkJ'S— + €j aL_ S, +€fjaS.) with the atom in its dressed ground state &ng} photons as
3 (Yai{nigHlU(t,0)]g)
the atom-field interaction. The atom is treated by the pseu- 1 TR
dospin formalism,w, is the atom’s transition frequency, Iﬁfcdzﬂ’faJ{nkj}|G(Z)|llfa>e , (5

w is the frequency of the field plane mode of wave vector

k and polarizationj (j=1,2), akj(?lj) are photon anni-  \yhere G(z)=1/(z—H) is the resolvent operatdi20] and
hilation ~ (creation ~ operators in  the mode kj;  c—c,+C s the integration contour in the complex z
€= —1(270f) (L3w) Y2u,1- § is the atom-field coupling  plane made by line€, immediately above an@_ below
constant[21] with L3 the quantization volumeﬁ21 the the real axis and followed, respectively, from right to left and
matrix element of the electric dipole operator between thdrom left to right. At first we consider the probability ampli-
bare atomic states, anélq the polarization vector okj  tude that the dressing occurs with the emission of only one
mode. The atomic states ate), with s = a (lowen, b ~ real photon; this amounts to pikni})=|kj) in Eq. (5),
(highe, and the field statel§ny;}), where{n,;} representsa Which leads to %5"0“'3'[9 the amplitudey. ;kj|G(2)| )
photon distribution withn,; photons in thekj mode. The ~=(¥a;|aG(2)|¢,). Because of the form of the Hamil-
bare eigenstates of the Hamiltoniaty, are [s,{n;})=|s)  tonian itis possible to show that

®|{ny}) where® indicates the tensor product. The energy :

eigenstates oH, with eigenvaluesg, and E, are |2) a;G(2)=G(z-hw)a+G(z-hw)V\;G(2)  (6)
=|a,{04}) and |yp)=|b,{0}) representing, respectively,
the atom in its lower and higher energy state with the field i
its vacuum state. Because, as explained previously, one ex-
pects that the transition from the initial atomic bare state
with energyE, to the final dressed atomic state with energy
EZ may occur with the emission of real photons, we shall
study the transition amplitud(apa;{nkj}|U(t,0)|¢g>, where
U(t,0) is the unitary time evolution operator. It must be ob-

pwith
Vlj:[akj V]=€G* S+ €S, . (7)
Thus

(Y2 Ki|G(D)| Y2 = (4o {G(z—hiw)ay,

served that the staté&a;{nkj}> are not exact eigenstates of +G(Z_ﬁw)\/lj@(z)}|¢,g>

H, however it is possible to show that they can be used as

asymptotic states to study the photon emission prof2@s = (4l G(z—1iw)V],G(2)|42). (8
In fact they can be used to describe wave packets where the

photons are localized far from the atdii®]. As said in the Due to the form of interactioit3) the right-hand side of

introduction this is what one expects in our case for timesEq. (8) vanishes and from Ed5) the corresponding prob-
longer than the decay time} [22]. Moreover the state ability amplitude becomes

[{nkj};#a) has, with enough accuracy, the energy _ o

+ 3 nhw,. The final atomic stationary dressed state, rep- (¥a;kj|U(t,0)]4f5)=0. 9
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Thus the transition from the bare ground state to the <wa|G(Z_ﬁw_ﬁw')VE,G(Z_ﬁw’)Vl'_/G(Z)|,7//0>
dressed state may not occur with the emission of only one ! ! é
real photon. We then consider the amplitude of transition

when two photons are emitted, that [ig;})=|kj.k’j’). =\Zef ey " (| G(z—hw')|p)
We must calculate  (4q:k'j" . Kj|G(2)| D) Sl T
=(aslaw; agG(2)|¥2). Applying two times Eq.(6) we x(42|G(2)|¥2). (14)
get
0 Thus we are left to calculate the quantiti€s,(z)
(Vala; 2 G(2)| Vo) ~(WRIC@[4Y) and Glz—tw')= (4Gt D).
G,(2) is connected to the permanence amplitude of remain-
=(Yal{G(z—ho—to")ag; ing in the bare statg/2). The nonperturbative calculation of

G,(2), performed by application of the Van Hove technique,

_ _ ’ t _ . 0
+G(z-ho—ho )Vk’j’G(Z ﬁw)}akl|¢a> introduces both the effect of decay and that of dressing, and

Yl {G(z—ho—tiw")ag, i[t is gﬂiven forz=E+in (with % infinitesimal positivé by
22,2
+G(z—hw—ho' )V}, G(z-ho)}VG(2)¢3)
(10) _ 1
G2~ E, R
and taking into account thaﬁq|¢g>=0, the matrix element
of resolvent corresponding to the transition from the bare _ 1 _ 1
ground state with no photons to the dressed ground state with 72— (E,+AX—i(T'%/2)) z—EX+i(T'%/2) '
two real photons becomes
(15
(el agG(2)]¢g) _ ,
R o whereR,(2) is the matrix element
= (s G(z—fiw—tiw )V G(z—fiw )V, G(2)|3)
—Fw—Fw W _ T 0 r*
+ (ol G(z— o=t )V, G(z— i 0)ViG(2)| ¢2). (AR |y =271 (16)
(11)

The two terms appearing in the right-hand side(bf) ~ Of the level-shift operator
may be obtained each from the other by exchangingith
o' andkj with k’j’. We shall then limit the calculations to 1 1 1
only one of the terms; in particular we shall fix our attention R(Z)=V+V_— VAV VoV

! 0 0 0
to the first one.

Since|#,) is an exact eigenstate of total Hamiltonian H, v 1 v 1 v 1 v 1
we get + Z_Ho Z_HO Z_Ho e ( 7)
(Yl G(z-ho—to WV G(z—he )V}, G(2)|¥3) with

= VEG(z—fiw )V, ,G(2)|42).

Z—E;—h(y)_ﬁw,<d/a| kj ( ) i ( )|lr/la> A* = ﬁ’y _wM+wo|Og wo-l-wM
& 27mwg o
(12)
BN r62w°+w“" t 762%” (18)
= y| arcta —arctan 2—| |,

Using the definitior(7) for V‘Lj , the matrix element in the 27 0%

last term of Eq(12) becomes
hoy WM
(#a VG (2= 110" )V G(2)|¥3) L= g 71095 (19

= ejej (Wl YR (URIG(z— i) [Yp) (Y2 G(2)| )
, and the cutoffw), is the frequency upper limit typical of the
=Zetjer (plG(z—ho )|y (UalG(D|Ya), (13 ponrelativistic QED’s scheme.
Analogously the matrix element of the resolvent con-
where(i,| 42 =VZ andS, =y (y2, S_=|42)(y2| have nected to the permanence amplitude of remaining in the bare
been used. Substituting EGL3) in Eq. (12) we get state|¢//8> is (for z=E+in)
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1
Gy(z—hw')=
ol ) z—(Ep+ AP —iy)—w
S (20
Z—Eéz)—w'-l-iy’
where
hy wot wy
)__"7 | _ _ v M
Ab 277(00 wp\ — Wo |Og( w0 (21)

is the energy shifty the linewidth corresponding to the
ordinary decay rate from the excited state, eEﬁ)=Eb
+AE,2) is the dressed energy value of the excited state.
The approximations used to obtain the fofh®) of G,(z)
are the same of those used previoy&g,28. The same kind
of approximations have been used to calculddg(z
—hw'). Using G,(z) and G,(z—hw'), as given by Egs.
(15 and (20), in the matrix element 06(z), given by Eq.
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FIG. 1. The energy spectrut(w,w’) is shown for Kw
<10® rads !, 0<w'<10® rads' using arbitrary unit. In this
range the value of the intensityw,w’) is negligible . Forw
=w'=10° rad s ! the value of the energy spectrum increases rap-
idly up tol(w,®’)~5% 103 arb. units. This value is substantially
conserved up tw~w'~10" rads?*

(12), between the bare and the dressed ground state with two

photons, we obtain
<l//a|ak'j'aij(Z)|l//g>

1
—ho—fho'

— *
= Zekj ek’j’

1 1
X 5 . .
z-EP—w'+iy z—EX+il'*

*
+ \/Zékj Ek’j’

1 1
X > -
z-E;-fo—fw Z—Eé )—w+iy

S 22
z—E;+iT}
The probability amplitude ¢, ;kjk’j’|U(t,0)| 42 may be
now obtained substituting E¢R2) in Eq. (5) and calculating
the integral over by the residue theorem by closing the line
integral overC, in the lower complex half-plane. It is then
easily seen that for>y~1,(I's/#) ! only the pole atE}
+w+ ' contributes to the integral. By introducing the ap-
proximationE{?) — EX ~fiwo, we get

(i KiK'} [U(t,0)]2)
% [Ea
Zexpg—i|l—+owt+to'|t
f
E*- Eki
% i k'] J i
ﬁw—ﬁwo-i—zﬁy) ﬁw-i—ﬁw’-l—zl_';)
E*- Eki
+ kijr . (23

i i
(ﬁw'—ﬁwo-i- Eﬁ'y) hothe'+ EF;)

The probability amplitud€23) contains the contributions
due to a different order of emission of the real photons. The
frequency distribution of the real photons is obtained taking
the modulus square of Eq23). Yet, under the condition
|wo—A%/%|>y,'s/%, the two amplitudes may never be
large simultaneously, thus the effects due to the interference
between probability amplitudes may be neglected and the
probability density becomes a sum of only two terms. Finally
multiplying by the density of two photon states

L¥4rwlde L*7re ?do’

(2m)® (2m)®

(29)

and using the definition o&;, the spectral distribution is
obtained as

w2 2
' 0~
(w,0")~Z| = |1
T
1
X 2 *2'
_ 2 AV
(wg— w)*+ (w+w") +4ﬁ2
1 3
+ ’)’2 *2
— 2 _<
[(wo w')+ 7 (w+w) +4h2
(29

Its graphical representation in the regions around e’
~wy and w~w'<wq is reported in Figs. 1 and 2. These
figures indicate that the emission probability results are neg-
ligibly small when both the photons have frequenaigsw’
different from wy. The frequency distribution appears to be
symmetric under exchange @ and o’ and for w(w")
~ wq, it increases withw' (w) increasing up tavy. For this
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g+ 30 o'

valuew= w’ = wq the frequency distribution presents a peak
that suggests that the real photons preferably are emitte
both at the transition frequency.

It appears to be of interest to evaluate the probability of

®y-dw

I(w,0")

creation of two photons with respect to the probability that Ui A  \ e 4x10"
the self-dressing process occurs without real photon emis _,_._"',,.' AN ‘\‘“\\\\‘\‘\‘\‘
sion. This may be obtained by studyihg2(=)), which rep- i \‘\'\\‘I\““‘ \“‘0 WY 210"

resents the state that is obtained from the time evolution ol
the bare ground state far—<. Within the approximation
that the atomic self-dressing occurs at the most with the

emission of two real photons, we may write

|pa(=))= (e M yd), ..
:CO|‘/’a;{ij}>+Cl| l/fa;kj>+02| l/’a;kj ,k’j I>
:CO|¢a;{ij}>+CZ|¢a;kjvk,jl>a (26)

where|c,|? coincides with the normalization fact@rpresent
in Eqg. (25) and, due to Eq9) itis ¢;=0. The coefficients,

andc, are the probability amplitude that a measurement o
the state| ng(w)) reveals, respectively, no photon and two

photons. From the normalization of the sté2&) we obtain

(27)

|cal?=1—]col*

FIG. 2. The energy spectrum{w,w’) is shown for o~w’
~wy With wo=10" rads * and sw= 10" rad s ! using arbitrary
units as in Fig. 1. A peak appears in= o' =wy with |(w,0")
~5x10"19 arb. units. Forw, o' at the transition frequency,,
the photon emission probability is the largest. The comparison of
ig. 2 with Fig. 1 shows that the photon emission probability at
w=0'=w0, is much larger than that ab=w'=10° rads!; the
real photons are more likely emitted at the transition frequency.

occurs without real photon creatiga7]. On the other side
the frequency distributiof25) indicates that the real photons

The coefficientc, may be obtained taking into account preferably are emitted with frequenciesw.

the projection of the stationary dressed state with no real

photons ontd$2(«))

Co={(¥a: {0k Hy(=))
= (P2 {0H (7MY 42)), ..

1 +o 1 .
= 2—1_”( f_m (a0} H |¢g>e_'(ﬂﬁ)t)

t—oo

= (e EMY (a0} D), (28

where the expression fdi/, ;{ij}| ¢ﬁg>, accurate up to order

€2, results to be

g0 g Y “M
(ailOD =1 g | o ado. 29

Using Eq.(29) and y~10° s 1, wy~10Y rads?t, wy
~10' rads !, (28) becomes

|col?=1- : f ' do~1— L ~1-10"°.
2mwo)o  (wy+ w)? Wo
(30)
Finally from Eq.(27) we get
|c2|2~l~1o-6. (31)
wo

Equationg30) and(31) show that the probability of emis-

If we extend the description of the atomic dressing to an
ensemble of atoms, we may conclude in agreement with the
results obtained that the complete dressing process requires
among 16 atoms one to emit two real photons with frequen-
ciesw=w'=wq (Fig. 2). This implies that during the self-
dressing of the two-level atom’s ground state it is possible, in
principle, to detect real photons. These for typical transition
frequency (o~10™ rads'!) carry the energy E

~10 84wy~ 1025, this value having the same magnitude
order of the Lamb-Shift of the hydrogen atom’s ground state
[17,18.

Ill. CONCLUSIONS

In this paper we have studied the spectrum of energy
emitted under the form of real photons due to the dressing
process of a two-level atom initially in its bare ground state
and interacting with electromagnetic field in its vacuum
state. The dressing process for a such system occurs in two
steps: the first consists of the formation of the virtual cloud
surrounding the atomic dressed stf2é]; the second is re-
sponsible for the appearance of the dissipative beh&2ir
and for the energy decrease that leads the atom from the bare
to the stationary dressed state.

The presence of dissipative behavior during the atomic
dressing was previously obtained by the theory of subdy-
namics where it was predicted the appearance of radiation
constituted by real photons with frequeney resonant to
the atom’s transition frequendyt7,18.

Recently it has been studied how the self-dressing pro-
duces a density of real photons which by expanding carries

sion of two real photons during the atomic self-dressing isghe energy exced49].
10° times smaller than the probability that the self-dressing Here we obtain the spectrum of the real photons using

032106-5



G. COMPAGNO AND D. VALENTI

standard quantum-mechanics nonperturbative techniques

[5,20.. We find that at the lowest order the atomic self-
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